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Abstract
Our sensory systems actively predict sensory information based on previously learnt
patterns. An inability to accurately predict forthcoming information results in prediction errors. Individuals with schizophrenia consistently show reduced auditory prediction errors as well as reduced microstructure in auditory white matter by the classical oddball paradigm failed to reveal significant effects, whereas the stochastic oddball paradigm revealed significant clusters at typical mismatch negativity periods predictive of CAPE+ scores. Furthermore, we show that white matter microstructure from auditory pathways in addition to mismatches significantly predict CAPE+ scores. We suggest that structural and functional prediction error measures together may have potential in predicting psychotic experiences in the healthy population.
Introduction
Auditory prediction errors, particularly measured with electroencephalography (EEG), have gained headway in the search for biomarkers of schizophrenia.
Mismatch negativity (MMN) is a component of prediction errors, evoked by stimuli that differ from a learnt pattern (Belger et al., 2012; Nagai et al., 2013b; Näätänen, 2014) . MMN has been suggested as a potential biomarker for schizophrenia (Nagai et al., 2013a) due to the fact that patients with schizophrenia consistently exhibit a robust attenuation of the auditory MMN (Todd et al., 2008; Horton et al., 2011; Erickson et al., 2016) . Furthermore, MMN has also been shown to be attenuated in first-episode psychosis (Haigh et al., 2016a; Salisbury et al., 2016 ) and individuals at high-risk for schizophrenia (Atkinson et al., 2012; Shaikh et al., 2012; Nagai et al., 2013b; Perez et al., 2014; Solis-Vivanco et al., 2014) . Critically, studies have shown that the MMN response predicts the development of schizophrenia in individuals at high-risk (Bodatsch et al., 2011; Bodatsch et al., 2015) . The P300, a positive peak occurring 250-400ms after tone onset (Sur and Sinha, 2009) , is a later component of the prediction error response elicited with auditory oddball paradigms. The P300 component has been shown to be reduced in chronic schizophrenia (Ford et al., 2001; Winterer et al., 2003) and in first-episode schizophrenia (Qiu et al., 2014) .
Findings in patients with schizophrenia can often be confounded by disease stage and medication use. Schizotypy is a construct that refers to healthy individuals with psychotic-like experiences, such as delusions and/or hallucinations, and is thought to be the sub-clinical manifestation of schizophrenia in the general population (Ettinger et al., 2015) . Studying psychotic experiences in healthy individuals has the advantage of avoiding the confounding factors present in many schizophrenia studies (medication, co-morbidities, etc) and could therefore provide insights into the very early precursors of schizophrenia. It has been shown that prediction errors reduce with increasing delusional-like experiences in healthy populations (Corlett, 2012) . Furthermore, the trait phenotype social disorganization, which is shared by autism and schizotypy, has been linked to reduced frontotemporal response to deviant tones in a magnetoencephalography study (Ford et al., 2017) .
MMN to duration deviants is a particularly strong candidate biomarker of schizophrenia (Erickson et al., 2016) . Other more complex paradigms with double deviants (Perez et al., 2014) , tone omission deviants (Salisbury and McCathern, 2016 ) and pattern violations (Haigh et al., 2016b) have also demonstrated significant attenuation in MMN in patients with schizophrenia and individuals at high-risk. A more recent meta-analysis reported that the magnitude of attenuation in MMN in schizophrenia patients to complex paradigms are as large as that in simple paradigms and therefore suggest that pitch and duration paradigms provide simpler avenues for further research (Avissar, 2018) . However, there is limited research investigating a putative association between psychotic experiences in the healthy population and prediction errors in both simple and complex paradigms. It is plausible that more complex oddball paradigms are more sensitive to less severe expressions of psychotic experiences in the general population, a conjecture we set out to test in this study.
Effective connectivity studies of frequency MMN in healthy individuals have identified primary auditory cortex (A1), superior temporal gyrus (STG), and the inferior temporal gyrus (IFG) as key nodes in the generation of prediction errors (Garrido et al., 2009 ). Frequency MMN paradigms in patients with schizophrenia have shown that patients have reduced connectivity within this network during auditory mismatch responses (Dima et al., 2012; Larsen, 2018) . Interestingly, these effectively connected areas are also structurally connected via auditory white matter pathways. One such pathways is the auditory interhemispheric pathway, which is the part of the corpus callosum that connects bilateral A1, and the other is the arcuate fasciculus, an association tract which connects STG and IFG. In schizophrenia, reduced white matter microstructure in the auditory interhemispheric pathway (Wigand et al., 2015) and the arcuate fasciculus (Geoffroy et al., 2014; McCarthy-Jones et al., 2015) have both been linked to auditory verbal hallucinations, which is the most prominent psychotic symptom. In healthy individuals, white matter connectivity reductions in the arcuate fasciculus and the corpus callosum more broadly have been linked to psychotic-like experiences (Nelson et al., 2011; Oestreich et al., 2018) .
Based on the robust findings of MMN attenuation in schizophrenia and highrisk individuals who later transition, as well as known white matter reductions in auditory networks subserving prediction error generation, we set out to investigate whether these deficits could also be observed in healthy individuals with varying degrees of psychotic experiences. In order to account for the possibility that a more complex oddball paradigm would be more sensitive to detecting prediction error deficits in healthy individuals with psychotic experiences, we included a stochastic oddball paradigm, whereby deviant tones are outliers within a Gaussian distribution.
This was done in addition to a traditional duration deviant paradigm, which has consistently been reported to identify prediction error deficits in schizophrenia. Due to the preliminary supporting findings of MMN attenuation and reduced auditory microstructure associated with schizotypal traits, we hypothesized that the prediction error amplitude would be attenuated as the number of psychotic-like experiences increases and that the microstructure of the arcuate fasciculus and the auditory interhemispheric pathway would predict psychotic experiences in heathy individuals.
Methods

INSERT TABLE 1 ABOUT HERE
Participants
One-hundred and three participants were recruited via the University of Queensland (UQ) online recruitment system (SONA) and the UQ newsletter. Participants were between ages 18 and 65 (M = 24.67, SD = 9.77) and 55.3% (n = 57) were female.
Participants completed self-report questionnaires including demographic data, Beck's Anxiety Inventory (Beck et al., 1988 ), Beck's Depression Inventory (Beck et al., 1961) , and the Community Assessment of Psychic Experience(CAPE) (Stefanis et al., 2002) ; See distribution of CAPE scores in Figure 1 . Descriptive statistical analysis of demographic data and psychometric scales were performed using SPSS (IBM Corp, 2017) ; (See Table 1 ). Participants were financially reimbursed for their time. Exclusion criteria included any diagnosis of psychiatric or neurological condition, or head injury with loss of consciousness. Three participants who were taking antidepressant medications during the time of the study were excluded from the analyses to rule out possible medication effects. Ethical clearance for the study was obtained from the Ethics Committee at UQ.
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Experimental Procedure
Classical oddball paradigm
All participants underwent a classic auditory duration oddball paradigm which consisted of two blocks. The Long deviant block consisted of standard tones (500Hz, 50ms duration, 80% probability), and deviant tones (500Hz, 100ms duration, 20% probability). The Short deviant block consisted of the reverse, i.e. standard tones500Hz, 100ms duration, 80% probability. All tones occurred at an inter-stimulus interval of 500ms. The order of the blocks was counterbalanced across participants.
Participants also engaged in a simultaneous visual letter 1-back task (Miller et al., 2009 ). All stimuli were written and delivered in MATLAB using
Psychtoolbox3 (Brainard, 1997; Pelli, 1997) . This experimental component lasted for approximately 20 minutes.
Stochastic oddball paradigm
Eighty-nine participants also underwent a stochastic frequency oddball paradigm (Garrido et al., 2013 ) and a simultaneous 2-back task (Sweet, 2011) . Participants listened to a stream of tones with log-frequencies sampled from two Gaussian distributions with equal means (500Hz) and different standard deviations (narrow: σ n = .5 octaves; broad: σ b = 1.5 octaves). All tones were played with a duration of 50ms with 10ms smooth rise and fall periods and inter-stimulus intervals of 500ms. 10% of the tones were defined as standard tones, which were played at 500Hz, i.e. the mean of both distributions and 10% of the tones were defined at deviant tones, EEG data were segmented into 500ms intervals, consisting of 100ms pre-, and 400ms post-stimulus onset. Topography based correction was used to correct for eye blinks. Data were filtered using a high-pass filter of 0.5Hz and a low-pass filter of 40Hz filter, respectively. Trials containing artefacts with voltages exceeding ±50μV, were rejected. The remaining artefact-free trials in each condition were robustly averaged (Wager et al., 2005) to event-related potentials (ERPs) for each participant and baseline corrected using the pre-stimulus interval. The DWI volumes were pre-processed using FSL (Functional MRI of the Brain Software Library). Signal intensity inhomogeneities were removed (Zhang et al., 2001 ). Intra-scan misalignments due to head movements and eddy currents were removed using FSL TOPUP (Smith et al., 2004) and EDDY (Andersson and Sotiropoulos, 2016) . Diffusion-weighted images and T1-weighted images were coregistered using boundary-based registration (Greve and Fischl, 2009 
Tractography and Fractional Anisotropy
All tractography steps were undertaken in MRtrix3. Multi-tissue constrained spherical deconvolution was applied to obtain fibre orientation distributions for each voxel Tractograms (SIFT2) was used to ensure that the reconstructed white matter tracts reflected biologically meaningful connectivity, reducing inadequacies resulting from the reconstruction method (Smith et al., 2015) . The fractional anisotropy (FA) for each voxel was then calculated, and the mean FA for each tract was obtained.
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Regression model for predicting psychotic experiences
A multiple linear regression analysis was conducted to test for functional and structural brain network predictors of psychotic experiences. Field Intensity values for significant clusters from the surprise*variance interaction arising from the spatiotemporal analysis were added as predictor variables in a first step. In order to investigate whether estimates of structural connectivity could significantly improve predictions of psychotic experiences, FA of each tract (left arcuate fasciculus, right arcuate fasciculus, auditory interhemispheric pathway) were added as predictors in a second step. CAPE+ scores was the outcome variable.
Results
In what follows we undertook a spatiotemporal analysis of the entire prediction error response for the whole epoch (400ms), including both MMN and P300.
Spatiotemporal Analysis
Classical Oddball Paradigm
Prediction error waveforms (Deviants > Standards) from a fronto-central channel for each deviant block are shown in Figure 3A and 3B. We conducted a spatiotemporal analysis to investigate if there was an effect of surprise and deviant type. An 
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A regression analysis with the Surprise*Variance interaction as outcome variable and CAPE+ scores as the predictor variable, controlling for age, medication effects and other measures of psychopathology revealed significant clusters over left tempoparietal channels at 155ms (t = 5.28, p = .002), medial frontocentral channels at 145ms (t = 4.89, p = .007) (see Figure 4 ). This indicates that as the number of psychotic experiences increases, the sensitivity for learning about, and detecting violations to, statistical regularities in a stochastic environment decreases.
Structural and functional predictors of psychotic experiences
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In order to investigate whether functional and structural measure together predict psychotic experiences in psychologically healthy individuals better than prediction errors alone, a multiple linear regression analysis was performed. The outcome variable was CAPE+ scores. In a first step, the prediction error amplitudes extracted from the stochastic oddball paradigm (145ms/155ms) were added to the model as predictor variables, as they were found to correlate with CAPE+. In a second step, 
Discussion
The aim of the present study was to investigate functional and structural brain connectivity predictors of psychotic experiences in the healthy population. We found that reduced prediction error responses were associated with increasing positive psychotic experiences in healthy individuals. These findings indicate that as the number of psychotic experiences increases the mismatch response decreases and the ability to learn, and detect violations to, statistical regularities in a stochastic environment decreases. Critically, we found that reductions in the microstructure of the auditory interhemispheric pathway and decreasing mismatch responses predict increasing psychotic experiences in healthy individuals.
The classical oddball paradigm failed to reveal significant effects with CAPE+ scores within the MMN or P300 time windows, which is in line with Broyd et al. (2016), who did not find group differences between high and low schizotypy groups. The stochastic oddball paradigm however, found clusters that fall within the typical MMN time-window (Sams et al., 1985) . This is in line with MMN attenuation consistently observed in chronic schizophrenia, first-episode psychosis, and individuals at high-risk for schizophrenia (Todd et al., 2008; Näätänen et al., 2015; Erickson et al., 2016) . It should be noted that the classical and stochastic oddball paradigm differs in several ways which may explain the discrepancy of our effects in the two paradigms: 1) the deviants used (frequency vs. duration), 2) deviant probabilities (simple vs. stochastic), and 3) the cognitive load of the incidental task (i.e. one back vs. two back). Having said this, it has been shown that increasing cognitive load does not decrease prediction error amplitude (Garrido et al., 2016) .
Nonetheless, the finding that the stochastic, but not the classical oddball paradigm, demonstrated an association between MMN attenuation and increasing psychotic experiences suggests that complex oddball paradigms with abstract rules (like the former) may be more sensitive for revealing emerging prediction error deficits prior to any presentation of psychotic symptoms.
Here we also demonstrate that MMN amplitudes identified with the stochastic oddball paradigm in combination with DWI measures of auditory white matter microstructure are predictive of positive psychotic experiences in healthy individuals, which are more subtle than psychotic symptoms experienced by patients diagnosed with schizophrenia. It is important to note that our regression model performs well at lower CAPE+ scores but not with higher CAPE+ (35<) scores, which may be driven by the data being more skewed towards lower CAPE+ scores. However, we observed that early to mid-latency mismatch responses and the microstructure of the auditory interhemispheric pathway are independent predictors of psychotic e  d  i  n  t  e  g  r  i  t  y  o  f  t  h  e  l  e  f  t  a  r  c  u  a  t  e  f  a  s  c  i  c  u  l  u  s  i  s  s  p  e  c  i  f  i  c  a  l  l  y  a  s  s  o  c  i  a  t  e  d  w  i  t  h  h  a  l  l  u  c  i  n  a  t  i  o  n  s  i  n  t  h  e  a  u  d  i  t  o  r  y  v  e  r  b  a  l  m  o  d  a  l  i  t  y  i  n  s  c  h  i  z  o  p  h  r  e  n  i  a  .  S  c  h  i  z  o  p  h  r  e  n  i  a  R  e  s  e  a  r  c  h  1  6  2  :  1  -6  .  M  i  l  l  e  r  K  M  ,  P  r  i  c  e  C  C  ,  O  k  u  n  M  S  ,  M  o  n  t  i  j  o  H  ,  B  o  w  e  r  s  D  (  2  0  0  9  )  I  s  t  h  e  n  -b  a  c  k  t  a  s  k  a  v  a  l  i  d  n  e  u  r  o  p  s  y  c  h  o  l  o  g  i  c  a  l  m  e  a  s  u  r  e  f  o  r  a  s  s  e  s  s  i  n  g  w  o  r  k  i  n  g  m  e  m  o  r  y  ?  A  r  c  h  i  v  e  s  o  f  c  l  i  n  i  c  a  l  n  e  u  r  o  p  s  y  c  h  o  l  o  g  y  :  t  h  e  o  f  f  i  c  i  a  l  j  o  u  r  n  a  l  o  f  t  h  e  N  a  t  i  o  n  a  l  A  c  a  d  e  m  y  o  f  N  e  u  r  o  p  s  y  c  h  o  l  o  g  i  s  t  s  2  4 : Note. 
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